We analyze the z-scan experiment with anisotropic Gaussian Schell-model (AGSM) beams. The expression for the cross-spectral density of the AGSM beam passing through the lens and onto the nonlinear thin sample is derived. Based on the expression, we simulate the results of the z-scan experiment theoretically and analyze the effects of the e factor ͑e = w 0x / w 0y ͒ and the spatial degree of coherence in the x and y orientations on the on-axis z-scan transmittance. It is found that ⌬Tp −v becomes larger with an increment of the e factor and the spatial degree of coherence. So we can improve the sensitivity of the z-scan experiment by increasing the e factor and the spatial degree of coherence. The results are helpful for improving the sensitivity of the z-scan experiment.
INTRODUCTION
It is well known that z-scan has been an effective method in measuring the nonlinear coefficient of various media. This technique is based on the principles of spatial beam distortion but offers simplicity as well as very high sensitivity. We can derive the absorptive and refractive nonlinear optical properties of matter through the normalized transmittance curve in the case of open aperture and closed aperture [1] [2] [3] [4] . Z-scan is better than previous measurement methods, such as nonlinear interferometry and degenerate four-wave mixing. Now it is used in measuring the coefficient of organic optical material and dyes.
In the z-scan experiment, we mostly use beams with a circular profile [1] [2] [3] [4] , but in fact, laser beams are usually elliptic because of the inherent astigmatism. A novel z-scan technique suitable for elliptic Gaussian beams has been proposed by Tsigaridas et al. [5] . In this paper we focus on theoretical analysis of the z-scan experiment by use of anisotropic Gaussian Schell-model (AGSM) beams. Due to the elliptic profile of the AGSM beam, the circular aperture cannot be used in the far field, so we take the on-axis radiation instead. The expression for the on-axis z-scan transmittance is derived. Based on the expression, we analyze in detail how the degree of spatial coherence and waist width in the x and y orientations affect the onaxis z-scan transmittance. The results are helpful for improving the sensitivity of the z-scan experiment.
THEORETICAL ANALYSIS
As shown in Fig. 1 , an AGSM beam is considered as the incidence beam of the z-scan experimental setup. The cross-spectral density at the front plane of the lens (i.e., z =−f plane) reads as
where I 0 is a constant factor; w 0x , w 0y are the waist widths in the xЈ and yЈ orientations, respectively; and 0x , 0y are the correlation lengths in the xЈ and yЈ orientations, respectively.
Let the AGSM beam travel through the lens and the free space along the z direction, which can be expressed by
͑2͒
Ignoring the diffraction of the lens, the cross-spectral density of the beam at the incidence plane of the nonlinear thin sample can be expressed as , ͑4b͒
where w j ͑z͒, j ͑z͒, R j ͑z͒ are the beam width, the correlation length, and the wavefront radius of curvature of the AGSM beam at the z plane, respectively; k =2 / is the wavenumber, and is the wavelength.
After propagation of the beam through the nonlinear thin sample, the cross-spectral density at the exit surface of the sample, which contains the nonlinear phase distortion, can be expressed as [6] W e ͑x 1 ,y 1 ,x 2 ,y 2 ,z͒ = W i ͑x 1 ,y 1 ,x 2 ,y 2 ,z͒exp͑− ␣L͒ ϫexp͓− i⌬ 0 ͑z,x 1 ,y 1 ͔͒
where ␣ is the linear absorption coefficient, L is the sample length, and [1, 4] 
here ⌬⌽ 0 is related with the nonlinear refractive index ␥ through ⌬⌽ 0 = ␥kL eff and L eff = ͑1−e −␣L ͒ / ␣. The nonlinear phase terms in Eq. (5) can be expanded into Taylor series:
The Taylor series to infinity in Eq. (7) is convergent, so we can choose a suitable term N according to the values of ⌬⌽ 0 , w 0x , w 0y , w x ͑z͒, w y ͑z͒. The substitution from Eqs. (1) and (7) into Eq. (5) yields a summation of AGSM beams, that is,
͑8͒
Equation (8) indicates that at the exit surface of the nonlinear sample, the beam can be expressed as a summation of AGSM beams. Each AGSM beam emitted from the exit surface will propagate in free space and reach the output plane, so we can derive the cross-spectral density of the field at the output plane as where
Letting
, we can get the irradiance distribution at the output plane:
͑11͒
So the on-axis z-scan transmittance T(z) can be written as
In the following section, we will analyze the effects of the spatial degree of coherence and waist widths on the z-scan curves by using the above formulas. Figure 2 gives the on-axis z-scan transmittances T(z) of the AGSM beams with different e factor ͑e = w 0x / w 0y ͒ and the same spatial degree of coherence in both the x and y orientations, which are defined by the equations ␣ 0x = 0x / w 0x , ␣ 0y = 0y / w 0y . From Fig. 2(a) we can see that with an increment of the e factor, the difference between valley and peak becomes larger, the positions of valley and peak become closer, and the curve becomes sharper. The above characters are also shown in Fig. 2(b) , in which the peak of the z-scan curve becomes higher and the valley becomes nearly zero with increasing e factor when the spatial degree of coherence is larger. Figure 3 gives the on-axis z-scan transmittances T(z) of the AGSM beams with e = 1 (i.e., w 0x = w 0y = 1 mm) and the different spatial degree of coherence in the x and y orientations. It is shown that the difference between peak and valley in the T(z) curves increases with an increment of the spatial degree of coherence in either orientation in the case of two orientations having the same beam waist. We can find that the two curves of ␣ 0x = 0.2, ␣ 0y = 0.5 and ␣ 0x = 0.5, ␣ 0y = 0.2 overlap completely.
NUMERICAL RESULTS AND ANALYSIS
The on-axis z-scan transmittances T(z) of the AGSM beams with e = 0.5 (i.e., w 0x = 0.5w 0y = 0.5 mm) are plotted in Fig. 4 . It can be found from Fig. 4 that the difference between peak and valley in the T(z) curves increases with an increment of the spatial degree of coherence in either orientation, which is similar to the results of Fig. 3 . But there are differences in that the two curves of ␣ 0x =1, ␣ 0y = 0.5 and ␣ 0x = 0.5, ␣ 0y = 1 no longer overlap. The positions of valley and peak of ␣ 0x = 0.5, ␣ 0y = 1 are closer than those of ␣ 0x =1, ␣ 0y = 0.5, while the difference between peak and valley of ␣ 0x =1, ␣ 0y = 0.5 is larger than that of ␣ 0x = 0.5, ␣ 0y = 1. So we can conclude that the spatial degree of coherence in the orientation that has a relatively larger beam waist has a much greater effect on the positions of valley and peak and less effect on the difference between valley and peak of the T(z) curves than that in the other orientation. Figure 5 gives the on-axis z-scan transmittances T(z) of the AGSM beams with e = 0.1, ␣ 0x = ␣ 0y = 0.5 for different nonlinear thin samples. It is shown that the curves have two valley-peak features for the AGSM beam with e = 0.1, ␣ 0x = ␣ 0y = 0.5 through the different nonlinear thin samples. That is because the AGSM with much larger difference between waist widths in the x and y orientations has distinctly different focus after propagating through the lens. It is also shown that the difference between valley and peak increases with an increment of ⌬⌽ 0 , which is related to the nonlinear refractive index ␥ through ⌬⌽ 0 = ␥kL eff . Figure 6 shows the difference between the peak and valley of on-axis z-scan transmittance ⌬Tp −v =T p −T v versus ␣ 0x , which is equivalent to ␣ 0y . It is shown that ⌬Tp −v increases with an increment of the spatial degree of coherence in the x and y orientations; and while ␣ 0x ͑ = ␣ 0y ͒ becomes larger and larger, ⌬Tp −v increases only gradually. Comparing the three curves, we can find that for a given ␣ 0x ͑ = ␣ 0y ͒, the larger the e factor is, the larger the ⌬Tp −v is. So we can improve the sensitivity of the z-scan experiment by increasing the spatial degree of coherence and the e factor.
In Fig. 7 , we plot the transverse intensity distributions of the AGSM beams with e = 0.1, ␣ 0x = ␣ 0y = 1 at the output plane after the beam has passed through the nonlinear thin medium with different ⌬⌽ 0 , which is placed at z = 0. From Fig. 7 we find that for larger ⌬⌽ 0 , the intensity distributions no longer have Gaussian profile, and the larger ⌬⌽ 0 leads to weaker on-axis intensity and larger deviation of the intensity distribution from the Gaussian distribution. Comparing Figs. 7(a) and 7(b), it is found that the intensity distributions in the xЈ and yЈ orientations are totally different, because the e factor of AGSM beam is 0.1 (i.e., w 0x = 0.1 mm, w 0y = 1 mm). Figure 8 depicts the transverse intensity distributions of the AGSM beams with e = 0.1 and different ␣ 0x ͑ = ␣ 0y ͒ at the output plane after the beam has passed through the nonlinear thin medium with ⌬⌽ 0 = 2, which is placed at z = 0. It is shown that for a certain ⌬⌽ 0 , the on-axis intensity becomes weaker with an increment of the spatial degree of coherence in the xЈ and yЈ orientations. Moreover, the high coherence leads to larger deviation of the intensity distribution from the Gaussian profile in the xЈ orientation and to the peak of the intensity moving farther from the axis in the yЈ orientation.
CONCLUSION
The cross-spectral density expression of the AGSM beam passing through the nonlinear thin sample is derived. The effects of the e factor and the spatial degree of coherence in the x and y orientations on the z-scan curves are analyzed. We find that the spatial degree of coherence in either orientation has the same effect on the z-scan curves for the Gaussian-Schell model beam, while for the AGSM beam, the spatial degree of coherence in the orientation that has a relatively larger beam waist has a much greater effect on the positions of valley and peak and less effect on the difference between valley and peak of the T(z) curves than that in the other orientation. We also find that the z-scan curves have two valley-peak features for the AGSM beam with e = 0.1, because the AGSM with much larger difference between waist widths in the x and y orientations has distinctly different focus after propagating through the lens. It is also found that ⌬Tp −v grows larger with an increment of the e factor and the spatial degree of coherence in the x and y orientations. So we can improve the sensitivity of the z-scan experiment by increasing the e factor and the spatial degree of coherence. The results are helpful for improving the sensitivity of the z-scan experiment. Fig. 8 . Transverse intensity distributions of AGSM beams with e = 0.1 and different ␣ 0x ͑ = ␣ 0y ͒ at the output plane after the beam has passed through the nonlinear thin medium, which is placed at z = 0.
